W&M ScholarWorks
Dissertations, Theses, and Masters Projects

Theses, Dissertations, & Master Projects

2000

The Attempted Synthesis of a Phenolphthalein-Capped betaCyclodextrin
Susan Elizabeth Miller
College of William & Mary - Arts & Sciences

Follow this and additional works at: https://scholarworks.wm.edu/etd
Part of the Organic Chemistry Commons

Recommended Citation
Miller, Susan Elizabeth, "The Attempted Synthesis of a Phenolphthalein-Capped beta-Cyclodextrin" (2000).
Dissertations, Theses, and Masters Projects. Paper 1539626256.
https://dx.doi.org/doi:10.21220/s2-n2e2-kf12

This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.

THE ATTEMPTED SYNTHESIS OF
A PHENOLPHTHALEIN-CAPPED
P-CY CLODEXTRIN

A thesis presented to
The Faculty of the Department of Chemistry
The College of William and Mary

In Partial Fulfillment
Of the Requirements for the Degree of
Master of Arts

by
Susan Elizabeth Miller

Williamsburg, Virginia
March 2000

This thesis is submitted in partial fulfillment
of the requirements for the degree of
Master of Arts

Susan Elizabeth Miller

Approved March 21, 2000

v

Christopher JCAbel

.D.

Robert J. Hinkle, Ph.D.

Kathleen M. Morgan, Ph.D.

Table Of Contents

Acknowledgements

iv

List of Figures

v

Abstract

vii

Introduction

2

Background

5

Experimental

15

Results

21

Discussion

26

Conclusion

35

References

36

Vita

42

iii

Acknowledgements

The author would like to thank the William and Mary chemistry department.
She has appreciated working with and learning from such a devoted faculty and staff.
Specifically, she would like to thank Dr. Abelt for his patience and good nature. He
has taught her how to be a more independent researcher, which has been an invaluable
experience. Also, she would like to express gratitude towards Dr. Hinkle, and Dr.
Morgan for their constructive input on this paper and for their help in and out of the
classroom. She would like to thank the A-team, past and present, and fellow students
who made the days in Rogers pass by with ease. Most importantly she would like to
thank her parents, brothers and friends for their support.

iv

List of Figures

1. General properties of cyclodextrin

2

2. Phenolphthalein

4

3. Proposed Phenolphthalein-capped (3-CD

4

4. Two glucopyranose units of a cyclodextrin molecule

5

5. a-, p-, and y-cyclodextrins

6

6

. Structural features of P-cyclodextrin

7

7. Hydrogen bond stabilization

7

. Tethered vs. capped P-CDs

8

8

9. Carboxylic ester bond vs. Sulfonate ester bond

9

10. Regioisomers of capped p-CDs

9

11. Deprotonation of Phenolphthalein

11

12. Phenolphthalein-tethered P-CD

12

13. Two glucopyranose units of a cyclodextrin molecule

14

14. Proposed scheme for synthesis of proposed P-CD derivative

21

15. Formation of sulfoquinones

24

16. Synthesis of dimethylphenolphthalein disulfonyl chloride

27

17. Mechanism for demethylation by TMS-I

28

18. Mechanism for TBDMS cleavage during sulfonation

30

V

19. Sulfonation by TMS-chlorosulfonate and TMScleavage

21

20. Resonance structures of the cyclohexadiene during sulfonation

32

21. Mechanism for chlorination via PCI5

33

22. The Vilsmeier Reagent

34

23. Chlorination by the Vilsmeier reagent

34

24.
25.

NMR spectrum of Dimethylphenolphthalein disulfonylchloride in CDCI3 38
NMR spectrum of TBDMS-phenolphthalein in CDCI3

39

26. *H NMR spectrum of TBDMS-phenolphthalein in DMSO

40

27. NMR spectrum of phenolphthalein sulfonic acid in DMSO

41

vi

Abstract

An attempt to cap P-cyclodextrin with phenolphthalein via sulfonate ester
bonds failed. Phenolphthalein was modified to a disulfonyl chloride derivative. The
phenolic hydroxyls needed to be protected to allow the capping reaction to proceed,
then deprotected after the reaction, A methyl protecting group endured the
sulfonation and the chlorination procedures. However it could not be removed. A
tert-butyldimethylsilyl group was used to protect the hydroxyls, however, this group
was cleaved during sulfonation with either trimethylsilyl-chlorosulfonic acid or
chlorosulfonic acid.

vii

The Attempted Synthesis of
a Phenolphthalein-capped (3-Cyclodextrin

Introduction

Synthesizing molecules to study enzymatic actions could offer invaluable
contributions to the basic understanding of enzymes. Suitable molecules for enzyme
modeling should be water-soluble, have well defined cavities, have a catalytic
ensemble, and be easily modified. One class of molecules possessing all of these
crucial characteristics is cyclodextrins. 1
Cyclodextrins (CDs) are naturally occurring cyclic glucose oligomers capable
of directing catalytic reactions with organic material in aqueous environments. This
ability is due to the structure of the molecule (Figure 1). CDs have hydroxyl groups

,OH

Primary Face

Secondary Face

OH
OH

Hydrophobic Cavity

Figure 1: General properties of cyclodextrins.
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at the two openings of the molecule. These openings are called faces. The smaller
face or “primary face” consists of primary hydroxyls. Similarly, the larger face,
comprised of secondary hydroxyls, is called the “secondary face.” These hydroxyls
determine solubility and serve as targets for modification. Internal carbon-carbon
bonds and ether linkages insulate a hydrophobic cavity, allowing binding via
hydrophobic interactions that ultimately control host-guest chemistry. Although CDs
act as hosts and catalyze reactions like enzymes, one enzymatic feature they lack is an
environmental switch, that is, a cue that tells the catalyst when to act and when to
remain dormant.
Covalently bonding another molecule to a CD at two or more hydroxyls alters
the shape of its hydrophobic cavity and its ability to bind small hydrophobic
molecules. If a covalently bonded molecule changes conformations in different
chemical environments, it will provide an environmental switch for a CD, meaning
that the shape of the internal cavity would change as the molecule made its
transformation. This would create a CD that would bind or release different
materials, depending upon the chemical surroundings.
Environmental switches can respond to a variety of stimuli, including ion
concentrations. This research project attempts to turn the pH indicator
phenolphthalein (Figure 2) into a switch for P-CD (a CD with 7 glucose subunits).
Phenolphthalein responds to proton concentrations. It is deprotonated in basic
solutions, which alters the shape and resonance of the molecule, producing a color
change.

3

HO

OH

Figure 2: Phenolphthalein.

The proposed p-CD derivative is attached to phenolphthalein by two sulfonate
ester linkages at its primary face (Figure 3). This molecule should show a
pronounced effect on the binding constants of P-CD, which could affect catalysis
rates and ultimately alter catalytic actions. Ideally, the proposed phenolphthaleincapped macromolecule would bind a substrate at one pH and release it at another.
This action would be accompanied by a visible color change.

OH

HO

Figure 3: The proposed phenolphthalein-capped P-CD.
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Background

Cyclodextrins

In 1891 Francois Villiers discovered that a bacterial enzyme, Bacillus
macems amylase, produced cyclodextrins (CDs) from starch.

''y

However, Schardinger

was the first to describe the basic properties of cyclodextrins in the early 1900’s.
They are cyclic oligosaccharides composed of oc-D-(+)-glucose units in a 4Ci chair
conformation connected by 1-4 a-glycosidic linkages (Figure 4 ) . 2 The term 4Ci
refers to the position of C-4 relative to C-l within a glucose subunit; the C-4 carbon is
“up” and the C -l carbon is “down.”
HO
HQ
OH
HO-

OH

O HO

Figure 4: Two glucopyranose units of a cyclodextrin molecule illustrating the
details of the a-(l,4) glycosidic linkage and the numbering system employed to
describe the glycopyranose rings.
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Cyclodextrins have 6 , 7, or

8

glucose units and are referred to as a-

cyclodextrin, P-cyclodextrin, or y-cyclodextrin, respectively (Figure 5).

\ S '»

Figure 5: a-, p-, and y- cyclodextrins.

These macromolecules are shaped like truncated cones, having two openings
or “faces” (Figure 6 ). The primary face is lined with primary C - 6 hydroxyls. These
hydroxyl groups turn inward, partially covering the opening. This conformational
arrangement gives CDs their characteristic toroidal shape. The secondary face is
composed of the C-2 and C-3 hydroxyl groups, which are secondary hydroxyls. The
external free hydroxyl groups make CDs soluble in polar solvents and surround a
hydrophobic interior consisting of ether bonds and carbon-carbon single bonds.

6

,0H

C6 hydroxyl

OH

C2 and C3 hydroxyls

OH

70 nm

Figure 6: Structural features of (3-cyclodextrin.

p-Cyclodextrin (P-CD) is used preferentially in research because it is the least
expensive of the cyclodextrins and its internal cavity is about 70 nm in diameter,
which is an ideal size to bind single molecules (Figure 6 ). Further, P-CD is more
rigid than either the a- or y- isomers. It owes its rigidity to strong intramolecular
hydrogen bonding between C-3 hydroxyl protons and the C-2 hydroxyl oxygen on the
adjacent glucose residues (Figure 7 ) . 3
HO

H/

HO

OH
O

HO

Figure 7: Hydrogen bond stabilization in between the C-3 hydroxyl hydrogen
and the C-2 hydroxyl oxygen.
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Both faces of the molecule serve as sites for derivatization. Although some
research concentrates on altering the secondary face, most studies are devoted to
changing the more reactive primary face. Since the C - 6 hydroxyls are primary
hydroxyls, they are more reactive than the other free hydroxyls.

P-CD Derivatives

Attaching substituents to p-CD that cause it to bind preferentially to specific
molecules or catalyze specific reactions is useful in enzyme mimicry studies. Many
researchers have synthesized enzyme-like macromolecules by attaching catalytic
groups to p-CD.4 Two important classes of p-CD derivatives are differentiated by the
number of covalent bonds each has with a substituent. A functionality linked by only
one bond is called a tether or is “tethered” (Figure 8 ). If it is bonded to a p-CD at two
or more hydroxyls, it is called a cap or is “capped.”

Figure 8: A tethered vs. capped phenolphthalein-modified P-CD molecule.

P-CD Caps

Capping the primary face of CDs is usually achieved through carboxylic ester
bonds or more often through sulfonate ester bonds (Figure 9).

OH
‘OH

HO-

HO‘OH

'OH

Figure 9: A substituted phenol ring bonded to the C-6 hydroxyl of a glucose
residue via a carboxylic ester bond (left) and a sulfonate ester bond (right).

Capping p-CD can give rise to three regioisomers: AB, AC, and AD, where the
letters refer to the glucose subunits (Figure 10). The regioisomer distribution depends
upon geometry, specifically the distance between the two reactive centers of the

A,B Cap

A,C Cap

A,D Cap

Figure 10: The three possible regioisomers of capped P-CDs, X=cap.
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substituent. For example, m , m benzophenonedisulphonyl chloride gives ACcapping, while p,p ’-stilbenedisulfonyl chloride gives AD-capping .5 Results from this
laboratory include p-CD capping with anthraquinone-2,6 -disulfonate 6 and 9,10dicyanoanthracene-2,6 -disulfonate .7 Both P-CD-anthraquinone derivatives give an
equal mixture of AC-caps and AD-caps.
Caps, unlike tethers, induce structural changes in the hydrophobic cavity of pCD that can profoundly alter its affinity for organic materials. Chemically active caps
can create more specific binding environments, possibly increase binding capabilities
or enhance specificity of reactions. Capping p-CD with an environmental switch
would give p-CD pH dependant binding and/or a guest-responsive color change.

Phenolphthalein

Common indicators respond to hydrogen ion concentrations ([H+]), producing
a visible color change via intramolecular structural changes. These alterations modify
the shape and resonance of the molecule. Phenolphthalein is an inexpensive indicator
that changes from colorless to pink as a neutral solution becomes an alkaline one
(Figure 11).

10

Colorless lactone
P

PH

pKa = 9.75

OH

OH

Red dianion

Colorless monoanion

Figure 11: Deprotonation of phenolphthalein.

Phenolphthalein and P-CD

Due to its shape and size, phenolphthalein can be included in the cavity of pcyclodextrin. Taguchi found that when phenolphthalein is complexed by P-CD, it
O

exhibits no absorbance in the visible spectrum, even at a pH of 10.5. This
phenomenon results from the constrained conformation of phenolphthalein in the P~
CD cavity. That is, upon inclusion in P-CD’s cavity, phenolphthalein is constricted
by the cavity and thusly is physically unable to assume the shape necessary to allow
resonance.
Kuwabara et al. synthesized a phenolphthalein-tethered p-CD that shows a
guest responsive color change (Figure 12) . 9 That is, upon inclusion of a guest
molecule a visible color change occurred from colorless to pink. They used a variety
of guests, including a series of cholic acid derivatives, 1 -adamantanol, and the d and I

11

enantiomers of camphor, menthol, and fenchone to demonstrate this principle. Also,
they found that the magnitude of the color change associated with complexation
varied with pH.
OH

NH
OH

Figure 12: Phenolphthalein tethered to p-CD with an amide linkage
(Kuwabara et. al.)

Both of these studies indicate that a phenolphthalein-capped P-CD should
exhibit pH dependent binding and a color change associated with it. Further,
although Kubawara’s phenolphthalein-tethered p-CD exhibits some pH dependent
binding, it is hypothesized that a phenolphthalein-capped P-CD would have a more
pronounced effect on the binding coefficients.
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A phenolphthalein-capped P-CD

Capping p-CD with phenolphthalein would cause structural changes in its
hydrophobic cavity that would affect its affinity for certain organic materials. The
structural change would affect binding constants making them pH dependent, which
would ultimately cause catalysis rates to vary with pH as well. If the effect were
drastic enough, the phenolphthalein cap could act as an environmental switch; that is
P-CD would bind molecules at one pH, and then release them at another. Also, the
introduction of a guest molecule into the cavity of p-CD might produce a structural
change in the indicator cap, creating a visible color change.
The proposed p-CD derivative will be connected to phenolphthalein via two
sulfonate ester bonds, procuring mostly AC isomers. Capping is commonly achieved
by introducing a sulfonyl chloride to P-CD in the presence of pyridine, a weak base.
Since phenolphthalein lacks sulfonate groups they must be introduced synthetically,
and then transformed into sulfonyl chlorides (Figure 13). However,
phenolphthalein’s phenolic hydroxyls require a protection-deprotection protocol to
allow the capping procedure to proceed. Two protection groups were investigated, a
methyl group and a terf-butyldimethylsilyl group.

13

R= C H 3 or
R=TBDM S

RX

H S O 3 CI

OH

HO

RO

OR
or
T M S -S O 3 CI

SO CI2

RO

SOpCI

SOpCI

OR

RO

OR

Figure 13: Proposed scheme introducing sulfonyl chloride substituents to
phenolphthalein.
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Experimental

Chlorosulfonic acid was distilled at atmospheric pressure, and the fraction boiling at
148-150°C was collected. HI was distilled under reduced pressure (30 torr), and the
fraction boiling at ~110°C was collected. (3-CD was dried under vacuum (0.1 torr) at
100°C. Thin-layer chromatography was performed on Uniplate silica gel HLF plates
scored to 5 x 20 cm (250 microns, organic binder, UV 254) with a solvent system of
5:4:3 n-butanol:ethanol:water by volume for cyclodextrin compounds, and 6:2:1 ethyl
acetate:ethanol:water or

1 2 :2 : 1

ethyl acetate:ethanol:water for phenolphthalein

compounds. UV and vanillin staining were used to visualize compounds. Liquid
chromatography was performed with silica gel in flash columns with a gradient
elution of 0%, 5%, 10%, 15%, 20%, 25%, 50%, and 100% 1:2 by volume
water:ethanol in ethyl acetate.

NMR spectra were obtained using a Varian

Mercury VX-400 spectrometer.

Preparative syntheses

Trimethvlsilvl chlorosulfonate (TMS-chlorosulfonic acid) (1)
A 50 mL round bottom flask containing chlorosulfonic acid (7.0 mL, 105 mmol) was
placed in an ice water bath. Trimethylsilyl chloride (28 mL, 221 mmol) was slowly
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added to the chlorosulfonic acid with stirring. The ice-water bath was removed and
the reaction mixture was then heated to ~130°C, and more trimethylsilyl chloride (~2
mL, 15 mmol) was added to insure reaction. The temperature was gradually
increased to 200°C over 3 hrs. The solution was cooled, and the excess
chlorosulfonic acid and TMS-C1 were removed by distillation. Trimethylsilyl
chlorosulfonate was distilled and the fraction boiling at 159-161°C was collected.

Vilsmeier Reagent (2) 10
N,N-Dimethylformamide (0.13 mL, 1.8 mmol) was added to methylene chloride (5
mL). The mixture was cooled in an ice-water bath under a calcium chloride drying
tube. Oxalyl chloride (0.20 mL, 2.4 mmol) was added slowly by syringe to the wellstirred reaction mixture with a syringe. The addition of the oxalyl chloride caused the
immediate formation of a white precipitate with copious gas generation. The reaction
mixture was stirred for 1 hour. The methylene chloride was removed by distillation,
and the residue was dried in vacuo (0 . 1 torr).

O.O-Dimethvlphenolphthalein disulfonic acid (3)
0,<9-DimethyIphenolphthalein (4)* ( 1 2 . 8 8 g,

37

mmol) was dissolved in methylene

chloride (60mL) under a CaCl2 drying tube. A solution of chlorosulfonic acid (5.9
mL, 50 mmol) in methylene chloride (10 mL) was added to 4, and the mixture was
stirred for 30 minutes. The methylene chloride was removed by distillation leaving 3
as a crude residue.
4 was made from methyl iodide in a mixture of potassium carbonate and DM F.11
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0,0-Dimethvlphenolphthalein disulfonvl chloride (5)
Crude 3 (18.8 g, 37 mmol) was treated with distilled thionyl chloride (25mL). This
solution was heated to reflux under a drying tube for 2 hrs. The reaction mixture was
cooled to room temperature, then it was added slowly to ice water (600 mL). The
precipitate was collected by vacuum filtration, air dried, and dried in vacuo overnight,
leaving 14.8g (26 mmol, 70% yield) of 5 which was mostly pure by

NMR (Figure

24). TLC showed R/values of 0.92 and 0.84 using two eluents, 6:2:1 and 12:2:1,
respectively.

Bis-A-butvldimethvlsilvOphenolphthalein (TBDMS-phenolphthalein) (6 )
Phenolphthalein (6.36 g, 20 mmol) and imidazole (5.44 g, 80 mmol) were dissolved
in DMF (45 mL). TBDMS-C1 (6.02 g, 40 mmol) was added to the reaction mixture
and the mixture was stirred overnight under a CaCh drying tube. The reaction was
then poured into a mixture of ice and saturated aqueous NaCl solution with stirring.
A white precipitate formed upon addition. The precipitate was filtered and dried in
vacuo for two days giving 10.96 g (-99% yield).
mixture of mostly

6

NMR analysis revealed a

with some mono-TBDMS phenolphthalein (7).

6

was confirmed

by the appearance of two peaks at 0.90 ppm and 0.18 ppm, representing hydrogens
from the TBDMS groups. 7 was detected in DMSO by the appearance of a second
set of doublets at 6.58 and

6 .8 8

ppm, and by integration. TLC showed only one spot

with an R/value of 0.96 in 6:2:1 and one of 0.91 in 12:2:1. However this is
consistent because phenolphthalein’s R/value is 0.89 in 6:2:1 and 0.83 in 12:2:1,
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meaning that the mono- and bis-TBDMS would most likely be inseparable using
these eluents. ]H NMR (Figures 25 and 26).

Bis-(TBDMSlphenolphthaIein disulfonic acid (8 )

The TMS-chlorosulfonic acid approach
6

(4.9 g, 9.0 mmol) was dissolved in chloroform (30 mL). 1 (3.7 g) was slowly added

to this mixture and the reaction mix turned bright red. The reaction was heated at
reflux (61°C) overnight. The chloroform was removed by rotary vacuum distillation.
The crude residue was dried in vacuo overnight. NMR analysis indicated only 30%
conversion. TLC were taken of the residue in 6:2:1 and 12:2:1 revealing three spots.
8

had an R/value of 0.01 and 0.05 in 12:2:1 and 6:2:1, respectively. The !H NMR

spectrum of 8 is shown in Figure 27. Sulfonic acid production was detected by a new
singlet at 7.34 ppm. A second spot with an R f value of 0.34 in 12:2:1 and 0.68 in
6:2:1 was determined to be phenolphthalein monosulfonic acid (9) by !H NMR after
it was isolated by chromatography. The third spot appeared to be unreacted

6

and 7

with an R/values of 0.92 and 0.88 in 6:2:1 and 12:2:1, respectively.

The chlorosulfonic acid approach.
6

(4.9 g, 9.0 mmol) was dissolved in methylene chloride (30 mL). Chlorosulfonic

acid (2.33 g) was slowly added to this mixture. The reaction mixture turned dark red,
and was stirred overnight. The methylene chloride was removed by distillation or in
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vacuo. The residue was analyzed by :H NMR, revealing the characteristic singlet at
ppm, and TLC, which revealed the same three spots.

Phenolphthalein disulfonvl chloride (10)

Using phosphorus pentachloride (PCI5 )
Crude

8

(1 g, 1.8 mmol) was stirred in methylene chloride (20 mL). PCI5 (1.37 g, 3.6

mmol) was added to the mixture. The reaction mixture was left stirring overnight
under a CaCL drying tube. The reaction’s success was determined by the dissolution
of the product. TLC revealed 4 spots in a 6:2:1 solvent system. Three of the spots
correlated with compounds to 6 , 7, 8 , and 9

(6

and 7 formed one spot). The new spot

representing 10 had an Rf value of 0.37 in 6:2:1. !H NMR was indeterminate.

Using thionyl chloride (SOCI2 )
Crude 8(1 g, 1.8 mmol) was added to a 50 mL round bottom flask with thionyl
chloride (25 mL). The reaction mixture was left stirring overnight under a CaCl2
drying tube. The reaction was poured into mixture of ice and saturated aqueous
NaHCOs. TLC verified the production of a new compound. 10 had an R/value of
0.35 in 6:2:1.

19

Using Vilsmeier reagent
Crude

8

(1 g, 1.8 mmol) was dissolved in DMF (10 mL). This mixture was added to

a round bottom flask containing 2. The reaction mixture was left stirring overnight.
TLC showed an R /value of 0.39 in 6:2:1, which corresponds to 10.
analysis showed evidence of fewer TBDMS cleavages.

20

NMR spectral

Results

The proposed synthesis of phenolphthalein-capped P-CD uses a similar
pathway developed by Tabushi and Nabeshima (Figure 14).5 They capped p-CD with
a benzene disulfonyl chloride, forming an A,B cap. The success of our synthesis
relied mainly upon the modification of phenolphthalein into a sulfonyl chloride.
Furthermore, the phenolic hydroxyl groups of the sulfonyl chloride must be protected
to insure reaction with P-CD, then deprotected after the reaction. The hydroxyls were
protected as methyl ethers or as rm-butyldimethylsilyl ethers.
R= CH 3 or
R=TBDMS

HO

OH

RO

OR

RO

OR

P

RO

OR

OH

HO

RO

OR

Figure 14: Proposed scheme for synthesis of a phenolphthalein-capped P-CD.
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The first synthetic attempt, using methyl protective groups, made 0 ,0 dimethylphenolphthalein disulfonyl chloride in a 70% yield from
dimethylphenolphthalein. Sulfonation ortho to the methoxy group was achieved with
chlorosulfonic acid. The phenolphthalein sulfonic acid was then chlorinated with
thionyl chloride. The problem with this approach was the removal of the methyl
protective group. Two different reagents, iodotrimethylsilane (TMS-I) and hydriodic
acid (HI) were used to try to cleave the methyl ether bond.
Iodotrimethylsilane has been used to remove methyl groups from phenolic
ethers.

12

The dimethylsulfonyl chloride was heated overnight with TMS-I. The

reaction turned dark red, indicating iodine production.

NMR analysis showed no

reaction.
Hydriodic acid has also been shown to demethylate phenolic methyl ethers. 13
Like TMS-I, HI produced iodine instead of cleaving the methyl group. The methyl
protecting group proved too difficult to remove, making it necessary to use a less
robust protecting group.
Terf-butyldimethylsilyl chloride (TBDMS-C1) was reacted with
phenolphthalein to protect the hydroxyls. Although this reaction occurred with a high
yield, some monosilylated compounds were detected by !H NMR in DMSO by the
appearance of a second set of doublets.
Chlorosulfonic acid and TMS-chlorosulfonic acid both underwent sulfonation.
!H NMR showed that the chlorosulfonic acid gave approximately a 40% yield of
disulfonic acid and cleaved 90-95% of the protecting groups. The TMSchlorosulfonic acid gave about a 30% yield of disulfonic acid and cleaved 75% of the

22

TBDMS groups. Chromatography gave phenolphthalein monosulfonic acid and
phenolphthalein disulfonic acid, but

NMR showed that no TBDMS groups were

intact.
The crude mixture of sulfonic acids was chlorinated with phosphorus
pentachloride (PCI5) in methylene chloride. Chlorination resulted in solublization of
the phenolphthalein compounds and was confirmed by the appearance of a new spot
by TLC. It was difficult to quantify the reaction for two reasons. First the

NMR

spectra of the sulfonic acid and sulfonyl chloride are virtually indistinguishable, so
estimation by integration is not applicable. Second, the compound was never
isolated. Different approaches to isolate the sulfonyl chloride, including
precipitations in hexanes and ether, were unsuccessful.
Originally, PCI5 was reacted with the pyridinium salt of the sulfonic acid,
however this did not result in solublization and therefore did not appear to produce
the sulfonyl chloride.
Thionyl chloride and oxalyl chloride were also used to chlorinate the sulfonic
acids. These two reagents are advantageous because they allow for easier isolation.
The thionyl chloride appeared to chlorinate in about the same yield as PCI5. No
reaction was detected with the oxalyl chloride.
Crude phenolphthalein disulfonyl chloride was used to cap P-CD, however
TLC confirmed the failure of this reaction. No new spots developed, and the existing
spots matched those of p-CD and the phenolphthalein mixture. Since no reaction
occurred, it was postulated that phenolphthalein’s phenolic hydroxyls needed to be
protected. This conjecture was confirmed by Cabaret and Wakseiman’s paper.

23
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In

their paper they support that ortho-hydroxybenzene sulfonyl halides will form othioquinone 5,5-dioxides (a sulfoquinone) in the presence of nucleophiles.
Since pyridine is an integral part of this capping reaction and is a base, it
initiates the formation of a sulfoquinone. Pyridine associates with or abstracts a
proton from the hydroxyl of unprotected phenolphthalein disulfonyl chloride pushing
the formation of the sulfoquinone (Figure 15). A chloride ion is released and it makes
a pyridinium salt.
w

w

N

O

cr
H

Figure 15: The formation of sulfoquinones from an unprotected phenol of the
phenolphthalein disulfonyl chloride.

Since it was necessary to protect the hydroxyls until after the capping
procedure with P-CD, TMS-chlorosulfonic acid was used in lieu of the harsher
chlorosulfonic acid. Also, pyridine was added to the reaction to quench any acid
causing cleavage of the TBDMS groups, however it completely halted the
sulfonation.
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Chlorination was attempted with the Vilsmeier reagent (N,Ndimethylchloromethyleneammonium chloride). The Vilsmeier reagent is
advantageous because it produces less HC1 byproduct than the previous three
reagents. Therefore it should give rise to less deprotection of the hydroxyl groups
than the other reagents. These sulfonation and chlorination procedures were
performed in succession without isolation, similar to the procedure used to make the
dimethylsulfonyl chloride. However, attempts to isolate any sulfonyl chloride were
not successful.

25

Discussion

This project attempted to cap P-CD with phenolphthalein via two sulfonic
ester linkages. Its success relied largely upon the synthesis of a protected
phenolphthalein disulfonyl chloride. The synthesis was challenging due to the
necessary protection-deprotection protocol of phenolphthalein’s phenolic hydroxyls.
The chosen protective group must be able to sustain both basic and acidic
environments and must be susceptible to cleavage under conditions that do not
destroy P-cyclodextrin.
Conversion of <9,<9-dimethylphenolphthalein disulfonyl chloride from 0 ,0 dimethylphenolphthalein was achieved easily in two steps: sulfonation with
chlorosulfonic acid, and chlorination with thionyl chloride. Benzene pi electrons
attack an electrophilic sulfur atom in chlorosulfonic acid, starting the reaction (Figure
16). The sulfonation results in a resonance-stabilized cyclohexadienyl cation. Next a
chloride ion abstracts the labile hydrogen, creating a molecule of hydrochloric acid
(HC1). Thionyl chloride is added to chlorinate the sulfonic acid. The sulfonate
oxygen attacks the sulfur in thionyl chloride, displacing a chloride atom. A chloride
ion attacks a sulfur atom in the sulfonate group, breaking the tenuous ether linkage,
creating sulfur dioxide and another chloride ion.

26

+ HCI
OH
OH
OH

OCH 3

cr

OH
,CI
OCH

OCH;

cr

0

WS&'H

+

HCI

+ S02

IL ^ °
OCH 3

\Cl

Figure 16: Mechanism of the synthesis of 0 ,O-dimethylphenolphthalein
disulfonyl chloride.

A methyl protection group is able to survive in most environments, which
makes it durable, but hard to remove. Previously, Jung and Lyster were able to
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demethylate a phenolic methyl group, using TMS-I . 13 This proposed mechanism
begins as the phenolic lone pair attacks a silicon atom in TMS-I displacing iodide
(Figure 17). An iodide ion attacks the carbon of a methyl group, thus breaking the
carbon-oxygen bond. Oxygen lone pairs in the newly silated compound can be
protonated. Jung and Lyster suggest that hydrogen is abstracted from water
molecules. Either the resulting hydroxyls or water can nucleophilically attack a
silicon atom in TMS, causing its removal. The overall reaction results in the
formation of a silyl alcohol and a deprotected phenol.
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Me
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\
Me
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Me
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Figure 17: The mechanism for demethylation by TMS-I.
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The mechanism for deprotection via hydriodic acid is very similar to the one
for the TMS-I. Here, the lone pairs of the phenolic oxygen attack a proton in solution
forming an oxonium ion. The methyl group, now susceptible to cleavage, is attacked
by iodide. The resulting compounds are an unprotected phenol and methyl iodide.
Despite promising data presented by previous researchers, demethylation
attempts using these two reagents failed. Other more aggressive methods of
demethylation using stronger acids and higher temperatures were not attempted
because they would definitely decompose p-CD. It is likely that they would also
hydrolyze sulfonic ester linkages between the cap and p-CD.
Since a suitable way to remove the methyl protective groups was not found,
we opted to protect the hydroxyls using /erf-butyldimethylsilyl (TBDMS) as a
protecting group . 11 Silyl protective groups are easier to displace than alkyl groups.
Due to sterics, TBDMS groups are harder to remove than most other silyl groups,
however they are still susceptible to acid catalyzed cleavage. Since HCI is produced
in sulfonation with chlorosulfonic acid, most of the TBDMS groups were removed.
The sulfonation of TBDMS-phenolphthalein is identical to the sulfonation of
dimethylphenolphthalein. Formation of HCI during sulfonation is inevitable and
leads to the cleavage of TBDMS groups. This cleavage starts as the lone pairs of
oxygen attack a proton, creating an oxonium ion (Figure 18). A chloride ion in
solution then attacks a silicon atom, breaking the silicon-oxygen bond and removing a
TBDMS group.
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Figure 18: Mechanism for cleavage of TBDMS protecting group during
sulfonation.

We used trimethylsilyl chlorosulfonate (TMS-chlorosulfonate) to try to avoid
excess cleavage of TBDMS groups. Sulfonation with TMS-chlorosulfonate is
analogous to sulfonation with chlorosulfonic acid (Figure 19). Both produce
hydrochloric acid at a 1:1 ratio and each molecule of HCI can cleave only one silyl
group. Since TMS groups are generally more susceptible to cleavage than TBDMS
groups, the TMS groups should be removed before the TBDMS groups via acid
catalyzed cleavage.
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Figure 19: The proposed mechanism for sulfonation with TMS-chlorosulfonate,
followed by the cleavage of TMS.

Using TMS-chlorosulfonate resulted in fewer cleavages of TBDMS groups
overall, however chromatography revealed that none of the disulfonated compounds
had any remaining TBDMS groups. The complete loss of TBDMS groups could be
due to resonance effects.
During the sulfonation procedure, the cylcohexadienyl cation has a number of
resonance structures (Figure 20). The most stable resonance form is the one on the
far right. This resonance form would make TBDMS groups easier to cleave than
usual.
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Figure 20: Resonance structures of the cyclohexadienyl cation during
sulfonation.

Furthermore, this structure is similar to the resonance form that occurs naturally in
phenolphthalein, which could make it more stable than if it were just a benzene ring.
Also, the reaction mixture turns red, a possible indication that phenolphthalein in its
quinone form.
Phosphorus pentachloride, a strong chlorinating agent, was used to change the
disulfonic acid into a disulfonyl chloride. At first the synthesis was unsuccessful with
PCI5, however we were trying to chlorinate the phenolphthalein disulfonic acid in a

pyridinium salt form. This reaction probably failed because pyridine liberated during
the reaction formed the sulfoquinone and pyridinium salts as it did in the capping
reaction (Figure 15).
PCI5 was used to chlorinate the sulfonic acid. This reaction starts with the
sulfonate oxygen attacking the phosphorous, causing the release of a single chloride
ion (Figure 21). Chloride nucleophilically attacks the sulfur center breaking the ether
linkage with the phosphorus and causing the displacement of another chloride ion.
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Figure 21: The mechanism for chlorination via PCI5 .

Although PCI5 chlorinated sufficiently, difficulties isolating the desired
sulfonyl chloride forced us to try different chlorinating agents. Two reagents used
were thionyl chloride, which gives sulfur dioxide as a side product and oxalyl
chloride, which gives carbon dioxide and carbon monoxide as side products. Thionyl
chloride appeared to chlorinate the sulfonate group, while oxalyl chloride did not.
The difference in success between these two reagents is mostly likely because the
sulfonic acid is soluble in thionyl chloride, but not in methylene chloride, which was
used in the reaction with oxalyl chloride. A major problem with all three of these
reagents is formation of excess hydrochloric acid, which causes the cleavage of
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TBDMS groups. It was necessary to use a milder reagent, such as the Vilsmeier
reagent.
The Vilsmeier reagent is a salt, dimethylforminium chloride (Figure 22),
synthesized from DMF and oxalyl chloride. It does not produce as much excess HCI
during chlorination as the other three reagents.

Figure 22: The Vilsmeier reagent.

The reaction is catalyzed by a chloride ion that associates with hydrogen on
the sulfonic acid (Figure 23). This action triggers a nucleophilic attack by oxygen on
2

the sp carbon of the Vilsmeier reagent, releasing a chloride ion. Chloride then
attacks the sulfonate ester breaking the sulfur-oxygen bond, causing DMF to form.
Me-

Me

+
N

Me

OR

Figure 23: Mechanism for chlorination by the Vilsmeier reagent.
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Conclusion

The synthesis of the phenolphthalein-capped (3-CD was hindered by the
phenolic hydroxyls. Choosing an appropriate protecting group was difficult. The
methyl group survived the synthesis to a sulfonyl chloride, it but could not be
removed. TBDMS can be removed in the presence of (3-CD with little damage to the
cyclodextrin, however it could not survive sulfonation, much less chlorination. Using
TMS-chlorosulfonate still resulted in the loss of all TBDMS groups on the
phenolphthalein sulfonic acid derivatives. Attempts to quench acid with pyridine, a
weak base, were not effective. They resulted in the termination of the reaction or the
production of a sulfur dioxide quinone. In the future, a different sulfonation reagent
could be used, such as a disubstituted TMS sulfonate. This reagent helps avoid acid
catalyzed cleavage. Also, different protecting groups could be used. A benzyl
protection group is ideal since it is stable to both acidic and basic environments.
Unfortunately, it is not an option, since the metal catalysts used in hydrogenation to
remove benzyl groups also break the sulfonate ester linkages between a cap and (3CD. However, a more hindered silyl group could be used in lieu of the less stable
TBDMS group. However, if a resonance stabilized quinone form of phenolphthalein
is too stable during sulfonation, it might eliminate all possibility of finding an
appropriate protecting group.
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Figure 24: 1H NMR of Dimethylphenolphthalein disulfonyl chloride in CDCI3 .
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Figure 25: *H NMR of Bis-(/-butyldimethylsilyl)phenolphthalein (TBDMSphenolphthalein) in CDCI3.
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Figure 26: ]H NMR of Bis-(/-butyldimethylsilyl)phenoiphthalein (TBDMSphenolphthalein) in DMSO.
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Figure 27: *H NMR of Phenolphthalein sulfonic acid in DMSO.
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